Abstract Niemann-Pick disease type C (NPC) is a model for inborn errors of metabolism whose gene product mediates molecular trafficking rather than catabolizing macromolecules, as in classic lipidoses. We report the case of an infant who presented with hepatosplenomegaly without neurological abnormalities.
Introduction
Niemann-Pick disease type C (NPC) (OMIM catalogue number 257220 Type C1, and 607625 Type C2) is a rare autosomal recessive neurovisceral lysosomal lipid storage disorder caused by mutations in the NPC1 (95%) or NPC2 (5%) genes (Santos et al. 2008; Vanier and Millat 2003) . Its incidence has been calculated as 1:150,000 for the Western European population . Indistinguishable phenotypes are produced by mutations in two distinct genes, designated NPC1 and NPC2, which play key roles in the intracellular trafficking of lipids (Patterson 2003) . NPC1 encodes the NPC1 protein, a transmembrane protein involved in lipid trafficking in lysosomes, but whose precise function remains to be elucidated. Loss-offunction mutations in the NPC1 gene lead to an accumulation of broad range of lipids including sphingomyelin, cholesterol, glycosphingolipids, (GSLs) and, sphingosine (Lloyd-Evans and Platt 2010) . Recent studies suggest that transfer of cholesterol between NPC1 and NPC2 is required for exit of lipoprotein-derived cholesterol from lysosomes (Kwon et al. 2009 ).
There is striking phenotypic variability in NPC, and it may present at any age from fetal life (with hydrops fetalis) up to the seventh decade of life (Patterson 2003 ). An alteration in cholesterol and glycolipid homeostasis leads to a broad spectrum of symptoms that include hepatosplenomegaly, liver dysfunction, and neurological abnormalities, such as progressive ataxia, cognitive decline, dystonia, cataplexy, vertical supranuclear gaze palsy, seizures, and impairment of swallowing reflexes ). However, hepatosplenomegaly may be the sole presenting feature (Vanier and Millat 2003) .
In children with organomegaly, sphingolipidoses such as Niemann-Pick disease type A/B, NPC, and Gaucher disease (GD) must be considered in the differential diagnosis. In many cases, severe organ enlargement is the leading sign. In others, the splenomegaly can be mild and may be dominated by neurological signs or symptoms. Clinically, the diagnosis of NPC may be challenging, as examination for the characteristic vertical supranuclear gaze palsy is not always performed, organomegaly is often absent, and neuroimaging and standard biochemical screening studies are usually normal (Patterson 2003) . Performing a 'lysosomal panel' for diagnostic work-up will miss NPC since its diagnosis requires demonstration of the trafficking defect in cultured fibroblasts, supplemented in selected cases by genotyping (Ries et al. 2006) .
GD type 1 is the most common hereditary lysosomal storage disorder (LSD), characterized by hepatosplenomegaly, cytopenia and skeletal disease. It is caused by a deficiency of the lysosomal enzyme glucocerebrosidase, which catalyzes the hydrolysis of glucocerebroside and glucosylsphingosine (Grabowski 2008) . The gold standard for diagnosis is the demonstration of low lysosomal glucocerebrosidase (GCase) activity in blood leukocytes and/or skin fibroblasts. Genotyping for common mutations within the GBA1 (glucocerebrosidase) gene may be helpful, however a negative finding does not rule out GD. GD can now be effectively treated with enzyme replacement therapy (ERT) with imiglucerase, a recombinant, mannose-terminated β-glucocerebrosidase. Biomarkers, such as chitotriosidase, have proven to be beneficial in supporting the diagnosis and monitoring treatment efficacy (Aerts et al. 2006) .
Case report
Patient A was born at 36 weeks gestation to nonconsanguineous parents of Irish-German ancestry. She had an uneventful neonatal course, but was found at her 8-week Well-Child visit to have hepatosplenomegaly. She was noted to have a firm hepatomegaly 5 cm below the costal margin and splenomegaly 4-5 cm below the costal margin. She had no neurological findings, ophthalmologic exam was normal, and she had no developmental delays. Her serum transaminases were slightly elevated, but her blood counts were normal. Abdominal ultrasound demonstrated hepatosplenomegaly with homogeneous echotexture, and this was confirmed by CT scan. CMV and toxoplasma titers revealed evidence of perinatal CMV infection. Other viral serologies were negative.
The patient was followed with serial ultrasounds, which showed persistent splenomegaly. She was also noted to be hyperlipidemic: serum HDL, LDL, and TG were 33, 445, and 233 mg/dl respectively at 4 months of age. She developed mild thrombocytopenia (platelets 120×10 9 /L). Further work-up at 10 months of age led to the diagnosis of GD. Assay of leukocyte acid β-glucosidase activity was low at 4 nm/h/mg (normal 12.5-16.9). Leukocyte acid β-glucosidase activity was repeated; the result was again low at 4.5 nm/h/mg. The glucosidase activity was assayed using 4-methylumbelliferyl-B-D-glucopyranoside as the substrate (Beutler and Kuhl 1970) at the Mayo diagnostic laboratories (http://www.mayomedicallaboratories.com/test-catalog/ Clinical+and+Interpretive/8788).
In addition, the patient had elevated biomarkers of GD activity: chitotriosidase was increased at 1,516 nmoles/hr/ml (normal 8-65), and tartrate-resistant acid phosphatase (TRAP) was also elevated at 36 IU/L (normal 4.8-8.2). Mutation analysis for the four most common Gaucher mutations was negative. However, with a consistent clinical picture, she was started on ERT on a regimen of imiglucerase 60 U/kg by IV infusion every 2 weeks. After 2 months, chitotriosidase fell to 968. TRAP remained stable. She continued to make developmental progress and had no evidence of regression or changes in her behavior or cognitive abilities. She was followed by pediatric neurology for periodic neurologic assessment (Table 1) .
After 8 months of ERT, she continued to thrive but there was no improvement in her thrombocytopenia (platelet count 96×10 9 /L), or in the extent of hepatosplenomegaly. Serum chitotriosidase appeared initially to decline, but subsequently rose to 1,137 nmoles/hr/ml. After 8 months of treatment with imiglucerase, this lack of response to ERT is at variance with the expected response to ERT in GD (Weinreb et al. 2008) . Sequencing of the coding regions and splice sites of the GBA1 gene was undertaken. We did not find any mutations in GBA1. In light of the lack of response to ERT and absence of GBA1 gene mutations, further evaluation was undertaken for other lysosomal storage diseases in particular NPC.
First, a bone marrow biopsy was performed, which revealed scattered single histiocytes compatible with a storage disease; however, the cytological characteristics were not typical of GD (Figs. 1 and 2) A skin biopsy was obtained from the patient to culture fibroblasts. Acid β-glucosidase activity was found to be 71.5 nm/h/mg (range 8-12 nm/h/mg, GD <2 nm/h/mg). Filipin staining in cultured skin fibroblasts for excess free cholesterol was strongly positive. Cholesterol esterification was undetectable (<5% normal), confirming the diagnosis of NiemannPick disease, type C (NPC). Subsequently, NPC1 gene analysis revealed the patient to be compound heterozygote for 395delC and 2068insTCCC mutations in exons 4 and 13, respectively. The 395delC was first discovered by Sun et al. (2001) . The 2068insTCCC mutation has not been previously reported in the literature. Both mutations are predicted to result in protein truncation.
The patient was not eligible to participate in the clinical trial of N butyl-dexoxynojirimicin (miglustat tm) due to her young age. Compassionate use of miglustat was denied. At the request of the parents, imiglucerase was continued in the hopes of delaying progression, since there have been experimental data that glucocerebrosidase (GCase) is also reduced in NPC, and that the glycolipid that accumulates in GD (glucosylceramide) also accumulates in NPC. However, the patient developed mild developmental delay, progressing, by 20 months of age, to obvious neurologic deficits. Eventually, 2 years later, at age 3.5 years, the patient commenced therapy with miglustat after it was approved for use in Europe for NPC. Unfortunately, she has continued to develop progressive neurologic deterioration during the last 3.5 years despite miglustat substrate reduction therapy. Miglustat has not yet been approved in the US for use in NPC although clinical trials are in progress.
Discussion
We describe a patient with NPC who was initially diagnosed with GD due to the low activity of GCase in peripheral blood leucocytes, elevated chitotriosidase, elevated TRAP and compatible clinical presentation of hepatosplenomegaly and thrombocytopenia. Failure to respond to ERT as expected led to questioning the diagnosis of GD (Weinreb et al. 2008) . Further investigations led to the ultimate diagnosis of NPC. The patient was found to be a compound heterozygote for one known and a novel mutation in NPC gene that are predicted to result in protein truncation: 395delC and 2068insTCCC. There was almost 2 years of diagnostic delay, underscoring the importance of maintaining a high index of suspicion when evaluating children with hepatosplenomegaly, even when enzyme and biomarker studies might be compatible with GD. NPC was originally viewed simply as a disorder of cholesterol metabolism, but has now been shown to also involve the accumulation of a broad range of lipids: sphingomyelin, glycosphingolipids and sphingosine (Vanier 1983 (Vanier , 1999 Lloyd-Evans and Platt 2010) . The link between cholesterol metabolism and sphingolipid trafficking is the focus of ongoing research, and the initiating cause of the pathology seen in NPC remains a topic of debate (Lloyd-Evans et al. 2008; Vanier and Millat 2003; LloydEvans and Platt 2010) .
The biochemical hallmark of NPC is the intracellular accumulation of multiple lipids. In peripheral tissues, unesterified cholesterol predominates, but in the CNS, GSLs are proportionately more significant and likely play key roles in the pathogenesis (Patterson 2003) . Glucosylceramide, lactosylceramide, sphingosine, bis-monoacyl glycerol phosphate, and GM1 and GM2 gangliosides are present in excess, particularly in the gray matter of the brain (Vanier 1999) . Classically, the accumulation of GSLs was believed to be secondary to cholesterol accumulation in NPC1-deficient cells (Puri et al. 1999 (Puri et al. , 2003 . Recently, it has been suggested that sphingosine is the primary accumulating lipid in NPC (Lloyd-Evans et al. 2008; Lloyd-Evans and Platt 2010) .
GSLs, especially glucocerebroside, will accumulate within cells deficient in NPC1 protein (Salvioli et al. 2004; Zervas et al. 2001) . In NPC, the accumulation of glucocerebroside within the endosomal-lysosomal pathway occurs despite lack of GBA1 mutation. The precursor form of GCase is found at normal levels in NPC fibroblasts; however, there is a decreased level of the mature protein. This pattern suggests an accelerated degradation of mature GCase rather than a decrease in its production (Salvioli et al. 2004 ). This appears in contrast to GD1, where mutation in the GBA1 gene causes a decrease in the production of GCase.
Because low acid β-glucosidase activity can be seen in both GD and NPC, at least in blood leukocytes, as illustrated by our case report, a second, ancillary diagnostic marker has the potential to decrease the number of inaccurate diagnoses for NPC. In this patient, we observed increased chitotriosidase as well as TRAP that was initially attributed to GD. Chitotriosidase is a human chitinase with markedly elevated activity in a variety of LSDs but most dramatically in GD (Guo et al. 1995) . A positive chitotriosidase is non-specific for GD as it may also be elevated in NPC, though the mechanism is not understood (Wajner et al. 2004 ). CT activities above 200 nmol/h per ml are predictive for GD, sphingomyelinase deficiency (Niemann-Pick disease type A or B) or NPC. Activities above 4,000 nmol/h per ml are predictive for GD (Ries et al. 2006) . Therefore, although plasma chitotriosidase can be useful in screening patients for NPC, this marker enzyme is neither sensitive nor specific for NPC as it can vary significantly in affected patients (Ries et al. 2006 ; NP-C Guidelines Working Group 2009). Hence, the chitotriosidase value in this patient is indicative of a LSD, although the value is non-specific for NPC. Interestingly, we also found an almost 4-fold upper limit of normal elevation of TRAP. This has not been described previously in NPC. TRAP is known to be produced by osteoclasts and GlcCer-laden macrophages in GD. It would be of interest to examine TRAP in a larger number of NPC patients and determine whether it is associated with any aspect of the phenotype.
The standard of care for GD is macrophage-directed ERT in which the defective GCase is supplemented with recombinant glucocerebrosidase, administered by intravenous infusions usually every 2 weeks. Imiglucerase is modified to expose mannose residues that can be recognized by macrophages, a procedure that dramatically improves targeting to and internalization by macrophages, the main cell type affected in GD (Kacher et al. 2008) . As expected, our patient did not respond to ERT in either visceral or neurologic compartments. Presumably, ERT reduced the level of glucosylceramide in splenic and hepatic macrophages. Nevertheless, this was insufficient to reverse visceral disease because accumulation of glucosylceramide is not the major abnormality in NPC; moreover, GlcCer accumulation in NPC occurs mostly in the brain but not in peripheral tissues (Vanier 1999) .
N-butyldeoxynojirimycin (NB-DNJ) or miglustat, an inhibitor of glucocerebroside synthase, has been licensed for use in substrate reduction therapy (SRT) for GD. In NPC cells treated with NB-DNJ, GSLs and cholesterol fail to accumulate to pathological levels (Zervas et al. 2001) . Inhibition of GSL synthesis with NB-DNJ has been shown to delay the onset of disease, reverse manifestations, and prolong survival in NPC in experimental models. Recently, a clinical trial showed miglustat improved or stabilized several clinically relevant indicators of NPC and may slow disease progression (Patterson et al. 2007) . Aside from GD, miglustat continues to be used only on an investigational basis in other glycosphingolipidoses including NPC (Patterson et al. 2007 ), although it was recently approved for use in NPC in Europe (EMEA 2009).
As opposed to classic lipid storage diseases, NPC is a model for inborn errors of metabolism whose gene product mediates molecular trafficking rather than catabolizing macromolecules. The diagnosis of NPC requires a high index of suspicion, particularly given the nonspecific nature of routine screening tests as described above. NPC should be considered in the differential diagnosis of hepatosplenomegaly even in the absence of neurodevelopmental signs. An important lesson to be learnt from this patient is that when a patient with presumed GD does not exhibit absolutely classic features and/or the expected response to ERT, alternative diagnosis should be considered, especially NPC. A timely accurate diagnosis can lead to appropriate counseling of families and early consideration of miglustat therapy and other emerging therapies which may have some efficacy.
